were assayed for release of platelet-derived growth factor (PDGF) -like proteins. BSC-1 cells continuously released a mitogenic activity for fibroblasts and a chemoattractant activity for smooth muscle cells, each of which was inhibited 80-90% by an antibody to human PDGF. A cDNA probe for the PDGF B-chain gene (csis), but not for the A-chain gene, hybridized to mRNA obtained from growing and quiescent cells. c-sis gene expression and PDGF-like protein secretion were studied in the presence of known growth-regulatory molecules. A secreted BSC-I cell protein identical to transforming growth factor ,82 inhibited DNA synthesis in growing cultures and induced marked accumulation of c-sis mRNA without a corresponding increase in the release of PDGF-like activity. Adenosine diphosphate stimulated DNA synthesis in quiescent cultures and enhanced both c-sis expression and release of PDGF-like activity. However, growing and quiescent cells did not express the PDGF receptor gene or exhibit a mitogenic response to authentic PDGF. Thus the PDGF-like protein released by these kidney epithelial cells could contribute to growth control by a paracrine mechanism. growth regulation; transforming growth factor ,82; growth inhibitor; polyergin; adenosine diphosphate PLATELET-DERIVED GROWTH FACTOR (PDGF) is a potent mitogen for cells of mesodermal origin such as fibroblasts, smooth muscle cells, and mesangial cells of the renal glomerulus (1, 4, 26) . This growth factor is a dimeric protein containing interchain disulfide bonds and is usually composed of an A and B monomer, although biologically active A and B homodimers have been described (2, 14, 16, 28) . The amino acid sequence of the B-chain is nearly identical to the putative transforming protein of the simian sarcoma virus (~28"") (5, 15, 17, 32) . Some transformed cells released PDGF-like proteins that may act in an autocrine manner to stimulate cell proliferation (4). Expression of the cellular homologue of the PDGF B-chain gene, termed c-sis, and secretion of a PDGF-like protein that autostimulaLes growth are induced by transforming growth factor ,8 (TGF-P) (21, 22), TGF-P has been isolated from renal tissue (!Z) and can stimulate release of PDGF from several types of nonrenal cells (3, 21, 22) . Because both growth factors appear to contribute to wound healing (24, 26), we set out to determine whether kidney epithelial cells have the potential to produce PDGF-like proteins.
Cultures of nontransformed monkey kidney epithelial cells of the BSC-1 line (12, 31) were used as a model for renal epithelium. BSC-1 cells secrete polyergin (PRG), a protein that is apparently identical to TGF-@2 (11). We now report that these kidney cells constitutively express the c-sis gene and secrete a protein that is apparently a PDGF B-chain homodimer.
MATERIALS AND METHODS
Growth of BSC-I cells. African green monkey kidney epithelial cells of the BSC-1 line were grown in DulbeccoVogt modified Eagle's medium (DMEM) as described previously (12, 31) . Purified PRG obtained from the medium of high-density cultures of BSC-1 cells by chromatography (13) was a gift from R. Holley, Salk Institute, San Diego. To define the effect of PRG on DNA synthesis, cells were seeded in a 60-mm plastic dish (Nunc) with DMEM containing 1.6 PM biotin and 1% calf serum. Two days later when there were lo6 cells/dish, the medium was replaced with fresh DMEM containing 16 PM biotin and 0.01% serum. For experiments with sodium adenosine diphosphate (ADP) cells were grown to high density (3 x 106/60-mm dish) and were made quiescent as reported previously (19, 30) . The effect of human PDGF was studied at each of these cell densities. The biological activity of PDGF added to the medium was expressed in half-maximal units. Each unit is the reciprocal of a dilution of PDGF that stimulates BALB/c3T3 cells to incorporate half the amount of [3H]thymidine that would be incorporated in the presence of an unlimited amount of PDGF. Initiation of DNA synthesis in BSC-1 cells was measured by the incorporation of [ methyL3H] thymidine (12.5 &i/dish, 2 Ci/mmol) into DNA between 20 and 25 h after the addition of PRG or ADP as described (30).
Northern blots. Cultures of subconfluent BSC-1 cells were grown in DMEM containing 1.6 FM biotin and 1% calf serum to a density of 2 x 106/100-mm dish. Highdensity cultures were prepared by growing cells as described above until there were 7 x 106/100-mm dish. The cells were made quiescent by exposing them to fresh F801 medium containing 16 ,um biotin and 0.01% serum for 3 days. Experiments were initiated by aspirating tdhe medium and replacing it with fresh medium containing 16 PM biot,in, 0.01% serum, and PRG or ADP. After specified periods of time, the monolayer was scraped off the dish and RNA was extracted as described previously (18). Samples of total RNA (15 pg/each) were electrophoresed through a 1.5% agarose-6% formaldehyde gel and transferred to a nylon membrane (GeneScreenPlus, New England Nuclear-DuPont) Preparation of conditioned medium for assay, Cultures of subconfluent, growing (2 X 106 cells/lOO-mm dish) or high-density, quiescent cells (7 x lO'/dish) were prepared and exposed to PRG or ADP for specified periods of time as described above. Conditioned medium (CM) was collected, centrifuged to remove any cell debris, and dialyzed in Spectrapor 2 tubing against 0.1 N acetic acid. Samples were lyophilized and resuspended in 5 mM HCl. An appropriate amount of sample was added to serum-free DMEM containing 0.2 mg/ml bovine serum albumin for assay.
Immunoblotting. Proteins in lyophilized, resuspended CM (equivalent to 500 ~1 of unprocessed CM) were separated by electrophoresis on a nonreducing polyacrylamide gel (12%) and electroblotted to a nitrocellulose membrane. Each membrane was incubated for 2 h at 22°C in a blocking solution of Tris(hydroxymethyl)-aminomethane-buffered saline (50 mM Tris, 100 mM NaCl, pH 7.4) containing 5% nonfat dry milk (TBSmilk). The membrane was then incubated with a specific goat antibody to human PDGF at a concentration of 30 pg immunoglobulin G (IgG)/ml in TBS containing 0.2% milk for 4 h at 22°C and washed four times with TBSmilk (50-ml aliquots). Antigen-antibody complexes were detected by incubating the membrane with an affinitypurified alkaline phosphatase-conjugated rabbit antigoat IgG (1 pg/ml) in TBS-milk for 1 h at 22OC. Nonbound alkaline phosphatase IgG was removed by four washes in TBS, and the location of immunoreactive peptide was determined with an alkaline phosphatase substrate systtem (5-bromo-4-chloroindoxyl phosphate and nitro blue tetrazolium chloride). This method was used to detect the presence of PDGF-like protein but, was not standardized for quantitation. PDGF A-chain homodimer (a gift from S. Aaronson, National Cancer Institute, Bethesda, MD) and B-chain homodimer (a gift from Creative Biomolecules, Hopkington, MA) were used as standards.
Mitogenic assay in normal rat kidney cells. Normal rat kidney (NRK) cells were grown to confluence in 96-well plates containing 200 ~1 of DMEM and 10% fetal calf serum per well. Medium (100 ~1) was removed from a well and replaced with 100 ~1 of the sample under study. Each sample contained an amount of lyophilized, resuspended CM equivalent to 500 ,ul of CM from BSC-1 cells with either preimmune goat IgG or goat anti-PDGF as described above. The plates were incubated for 18 h, and incorporation of ['Hlthymidine (5 ,uCi/ml) into trichloroacetic acid-precipitable material was measured for 2 h. Each sample was assayed in triplicate in two separate experiments.
Chemotactic assay in. smooth muscle cells. Assays were carried out in modified Boyden chambers using bovine aortic smooth muscle cells (SMC) (3.5 x lo5 cells/ml, as previously described (10). SMC in DMEM were placed in the upper well of the chamber on a Nucleopore filter (Pleasanton, CA), and the sample to be tested was placed in th.e lower well. The amount of lyophilized, resuspended CM added to the chamber was equivalent to 250 ~1 of CM from a culture of BSC-1 cells. After 4 h, the filter through which the SMC migrat,ed was removed, and the cells were fixed and stained. Stain within cells that had migrated into the filter was extracted with 0.1 N HCl, and the extract was placed in one well of a 96-well plate, The intensity of the stain was quantitated on an enzymelinked immunosorbent assay (ELISA) plate spectrophotometer at an absorbance of 600 nm to estimate chemotactic activity (9).
PDGF was obtained from Collaborative Research, Lexington, MA, or was purified as described previously (8). Conjugated rabbit anti-goat IgG was obtained from Cappel Laboratories, Cochranville, PA, and other chemicals were purchased from Sigma Chemical, St. Louis, MO.
RESULTS
Release of PDGF-like activity by BSC-1 cells CM was collected from high-density, quiescent cells and assayed for PDGF activity by measuring its ability to stimulate DNA synthesis in NRK fibroblasts and chemoattraction of smooth muscle cells. Figure 1. shows that PDGF-like activity is continuously released by BSC-1 cells after addition of fresh medium to the cells. The mitogenic activity observed in NRK cells was inhibited up to 90% by an antibody to human PDGF (Fig. IA) Values are means of 2 experiments with a variance of 6%.
-80% by the antibody; values depicted in Fig. 1B represent the amount of activity that was neutralized. Thus BSC-1 cells release a PDGF-like activity into the culture medium. The amount of mitogenic and chemotactic activity in 1 ml of CM at 24 h was equivalent to that elicited by 20 ng of authentic PDGF, an amount greater than that released by activated monocytes (10 rig/ml) (23) R&lation of PDGF-like activity. To assess the effect of growth-regulatory signals on expression of PDGF genes and release of PDGF-like activity, studies were performed in subconfluen.t, growing cultures treated with purified PRG protein, a growth inhibitor of BSC-1 cell origin (ll), and high-density, quiescent cells exposed to ADP. This nucleotide is the most potent mitogen yet described for BSC-1 cells and stimulates the expression of several early (c-fos, c-myc, Egr-1) and late (c-Ha-r;as, transferrin receptor) genes during the onset of growth (18, 29) . Figure 2 shows the concentration dependence of PRG inhibition and ADP stimulation of DNA synthesis in BSC-1 cells.
Expression of the genes for the B-(c-sis) and A-chain of PDGF was assessed in cells treated with PRG (6 ng/ ml) or ADP (0.2 mM). RNA was extracted from the cells, and Northern blots were prepared and hybridized with 32P-labeled probes. Figure 3A indicates that the c-sis gene was expressed in growing cells as a single transcript at 3.7 kb. In the presence of PRG there was a X0-fold increase in the amount of message by 6 h that remained elevated for up to 24 h. When identical blots were hybridized to probes for the EGF receptor and vimentin there were no time-dependent alterations in the expression of these genes, nor were transcripts for c-fos or cw1yc detected. c-sis mRNA was also present in highdensity, quiescent cells (Fig. 3B) , and when these cells were stimulated with ADP the amount of c-sis message was increased by about fourfold after 1 h and remained elevated for at least 24 h. No change in the expression of @actin or vimentin mRNA occurred during the same time period. Thus proliferating and quiescent BSC-1 cells constitutively expressed the c-sis gene. Both growthinhibitory and mitogenic signals induced accumulation of this message but did not activate gene expression in a nonspecific manner.
To determine whether BSC-1 cells express the gene for the A-chain of PDGF the blots shown in Fig. 3 , A and B, were rehybridized with an A-chain specific cDNA probe. No hybridization was observed nor did PRG or ADP induce its expression. Similar negative results were obtained with probes for IGF-I, IGF-II, and TGF-cw mRNA.
To determine whether expression of the c-sis gene is associated with release of PDGF-like activity, mitogenic and chemotactic assays were performed on CM from BSC-1 cells treated with PRG or ADP. When CM collected from subconfluent, growing cells 24 h after exposure to PRG was tested for mitsgenic activity on NRK fibroblasts (Fig. 4A ) and for chemotactic activity on smooth muscle cells, there was only a minimal increase compared with that detected in CM from control cells. Thus the marked accumulation of c-sis mRNA (Fig. 3A) was not associated with a comparable release of the gene product. Cells exposed to ADP released two-to threefold more PDGF-like mitsgenic activity (Fig. 4B ) and twofold more chemotactic activity (Fig. 5) than did control cells, an increment that was similar to the modest accumulation of c-sis mRNA. The molecular size of PDGF-like proteins in CM was determined by immunoblotting with goat anti-human PDGF. The immunablot shown in Fig.  6 indicates that a PDGF-like protein of -30,000 molecular weight was secreted by high-density BSC-1 cells both csnstitutively and after exposure to ADP (lane 2). This protein differed in electrophoretic mobility from an A-chain homodimer (lane 4) and had a slightly higher apparent molecular weight than the B-chain homodimer produced in Escherichia coli (lane 3), perhaps because the recombinant material was not glycosylated.
Rapid release of PDGF-like activity by BSC-1 cells. In CM from high-density, quiescent BSC-1 cells exposed to PRG for 1 h, mitogenic activity was assessed in NRK cells and chemotactic activity was measured in smooth muscle cells. The stimulation of mitogenic activity shown in Fig. 7 was inhibited 85% by human anti-PDGF IgG. Chematactic activity in CM from BSC-1 cells treated with PRG increased by more than 0.120 AGo0 units above control and was inhibited ~95% by anti-PDGF antibody. Hybridization signal for c-sis (3.7 kb) was removed by boiling filter in water; filter was then rehybridized with vimentin probe, which gave a signal at 1.9 kb. B: high-density, quiescent cells were treated with ADP (0.2 mM). Total RNA was isolated and Northern blots were hybridized with [32P]DNA probes for csis, fi-actin, and vimentin genes. c-sis mRNA was present at time 0 in growing and quiescent cells and accumulated in response to treatment with PRG or ADP.
A
Response of BSC-1 ceils to exogenous PDGF. Since BSC-1 cells released a considerable amount of PDGFlike mitogenic and chemotactic activities, the capacity of authentic PDGF to initiate DNA synthesis was examined to determine whether the protein could function as an autocrine growth factor. Addition of purified authentic PDGF to growing or quiescent cultures failed to stimulate [3H]thymidine incorporation into DNA (Fig. 8) . Northern analysis using a probe for human PDGF receptor mRNA indicated that this mRNA was not expressed in either growing or quiescent cells nor was it induced by PRG or ADP. Thus the PDGF-like protein released by BSC-1 cells does not appear to act as an autocrine growth factor.
DISCUSSION
The results indicate that kidney epithelial cells of the BSC-1 line constitutively express the gene for the B-E chain but not the A-chain of PDGF. The PDGF-like protein secreted by these cells appears to be a B-chain homodimer that is active as a mitogen for NRK fibroblasts and a chemoattractant for smooth muscle cells and can be neutralized by an antibody to PDGF. Since these kidney epithelial cells do not respond to the mitogenie potential of authentic PDGF or express PDGF receptor mRNA, the secreted PDGF-like protein might contribute to growth control by a paracrine mechanism. To our knowledge this is the first report of a nontransformed kidney epithelial cell that produces a PDGF-like protein.
The expression of c-sis mRNA and release of PDGFlike protein by BSC-1 cells can be modified by growthregulatory molecules. PRG (TGF-/32), which acts as a negative autocrine growth factor, induced marked accumulation of c-sis message during inhibition of DNA synthesis, whereas treatment with ADP was associated with a modest accretion of this message in growthstimulated cells. Activation of c-sis gene expression appeared to be specific in each instance because no changes were detected in the level of transcripts for the EGF receptor, fi-actin, or vimentin, genes which have been described as growth-related in other cell types (6, 7, 20) . Expression of the c-sis gene did not appear to be correlated with cell proliferation because message was detected in quiescent as well as growing cultures, and the accumulation of transcripts was noted in cells during inhibition as well as stimulation of DNA synthesis. It is of interest that the >lO-fold accumulation of c-sis mes- sage induced by PRG was not associated with a corresponding increment in the secretion of PDGF-like protein in growth-inhibited cells. The mechanism(s) that mediate this dissociation are not known, although one possibility is that PRG stabilizes c-sis mRNA while it inhibits translation of the message under these conditions. Another possibility is that the protein is translated but becomes bound to cellular membranes (14) and is not secreted. Further studies will be required to define the effect of PRG on the mechanisms that control translation and/or secretion of the c-sis gene product.
If these observations in BSC-1 cells can be extended to the kidney, they would indicate that both PDGF and PRG are likely to participate in cell renewal and wound healing in vivo. As kidney epithelial cells both synthesize and respond to PRG, this molecule could act as an autocrine as well as a paracrine factor, and possibly as an endocrine effector of many cell functions. However, the PDGF secreted by epithelial cells must act as a 
